Solar thermal chimneys (STCs) are renewable energy power plants that require large-scale deployment to be economically competitive. This paper presents a steady-state analytical model developed to describe accurately the thermodynamics of the solar collector. The impact of different collector canopy designs on the performance is assessed. Results show that the height of the canopy has a significant effect on plant performance and that the canopy must be sufficiently high at the junction with the chimney to ensure maximum kinetic energy in the flow at the chimney inlet can be reached. A new collector profile with a partially sloped canopy is proposed. It was found to perform at similar levels of maximum power output to the best-performing existing canopy designs, and to be robust under varying environmental conditions. For ease of construction and reduction of associated costs this canopy can be built in stepped annular flat sections with only a minor loss in performance.
Introduction
The solar thermal chimney (STC) -also called a solar updraft tower -is a large scale solar power plant suited for desert deployment. It consists of a solar collector, which generates buoyant air; a tall chimney through which the buoyant air rises; and a turbine and generator set which extracts power from the pressure difference across it, generating electricity (Fig. 1a) .
The largest STC prototype operated to date was constructed in Manzanares, Spain, in 1982, and was rated at 50 kW (Haaf et al., 1983) . At the scales currently thought to be economically viable, power output can exceed 100 MW with a collector diameter larger than 5000 m and a chimney height of up to 1000 m (Pretorius and Krö ger, 2006) . Different models for STC power plants have been proposed. Simple models assuming isobaric conditions within the collector were created by Zhou et al. (2007) , who validated their model against a laboratory-scale physical prototype; by Gannon and von Backströ m (2000) , who utilised an isobaric collector model within a thermodynamic cycle analysis; and by Cottam et al. (2012) , who investigated the impact of plant dimensions on power output using a similar model. Bernardes et al. (2003) and Pretorius and Krö ger (2006) relaxed the assumption of isobaric conditions within the collector and developed more comprehensive analytical STC models. Both proposed steady-state models which calculate the air flow properties beneath the collector, with density calculated using the Boussinesq approximation (Bejan, 1993) . Aware of the importance of collector thermodynamics in determining STC performance, these authors came together to compare the different methods of calculating heat transfer coefficients in their models (Bernardes et al., 2009) . It was found that Pretorius and Krö ger (2006) simulated both higher heat losses and heat gains than Bernardes et al. (2003) , leading to similar predicted power output. More recently, Zhou et al. (2014) developed a steady state, compressible-flow model of the collector using a two-phase working fluid (humid air) to predict the performance of STC power plants in which the collector is affixed to a mountainside, reducing the required height of the chimney.
Studies using computational fluid dynamics (CFD) to simulate STCs include Fasel et al. (2013) , in which the authors developed a 1:30 scale CFD model of the Manzanares STC prototype and compared it to a 1:250 scale experimental model constructed at their facilities. Sangi et al. (2011) derived a new pressure equation for STC air flow from Navier-Stokes and clarified discussions in the literature regarding the pressure profile in the collector, validating their findings against a CFD model incorporating ground heat storage. Ming et al. (2012) used CFD to assess the impact of ambient crosswind on STC performance.
Due to the novelty of the technology, STC construction and operation costs are difficult to forecast. Fluri et al. (2009) , having identified some disparities in cost models published by Schlaich et al. (2004) and Bernardes (2004) , proposed their own comprehensive cost model, coupled with a detailed analytical STC model. Comparing their physical and cost performance results to existing STC cost models, Fluri et al. (2009) predicted higher specific capital costs and lower power output for the same reference plant, resulting in a levelised electricity cost approximately three times higher than previously predicted. Thus, Fluri et al. (2009) have identified a clear need to reduce costs and increase performance further in order to bring STC power plants to market-ready status. Fluri et al. (2009) also calculated that the collector accounts for 74-83% of the total capital cost, meaning that cost-saving efforts should be focussed on the collector for greatest impact.
The role of collector canopy shape in reducing STC levelised electricity cost has received limited attention. In the eighteen papers presenting STC models surveyed in preparation for this article, nine utilised flat canopy profiles (Bernardes et al., 2003; Cottam et al., 2012; Fasel et al., 2013; Gholamalizadeh and Mansouri, 2013; Guo et al., 2013; Haaf et al., 1983; Koonsrisuk, 2012; Ming et al., 2012; Sangi et al., 2011) ; six utilised a constant-gradient canopy (von Backström, 2003; Dehghani and Mohammadi, 2014; Gannon and von Backströ m, 2000; Kasaeian et al., 2011; Pasumarthi and Sherif, 1998; Zhou et al., 2007) ; and three utilised a canopy profile in which the height rises exponentially from collector inlet to the central collector outlet (Fluri et al., 2009; Krö ger, 2006, 2008) . Bernardes (2010) investigated the effect of different canopy profiles on the air velocity and heat transfer in the collector. Krö ger (2006, 2007) undertook brief studies of the role of the exponential canopy profile shape in determining power output, concluding that an exponential canopy designed such that it created a collector with constant cross-sectional flow area produced the greatest power output. Pasumarthi and Sherif (1998) studied the performance of a small-scale physical prototype STC with three different configurations of the collector, varying collector size and materials used. They concluded that introducing an intermediate absorber in the collector has the potential to boost mass flow rate. Koonsrisuk and Chitsomboon (2013) studied the impact of canopy and chimney profile parameters by investigating flow area changes within the STC, with a view to increasing power output. They derived a theoretical expression showing how a collector canopy rising towards the chimney and a flaring chimney can boost power output by up to 400%, validating their theoretical calculations with CFD analysis. Their model was limited to a constant heat transfer flux to the air over the collector area, and the turbine was not modelled. However, they provide compelling evidence that canopy designs other than the flat profile can lead to significant power gains. Beyond this, the impact of changing canopy profile types or parameters has not been studied in detail.
This contribution develops a theoretical STC model with a detailed thermodynamic analysis of the air flow and temperature rise under the collector, incorporating collector heat loss and surface shear stress. Different collector canopy profiles are systematically assessed, with a view to maximising power output whilst paying due consideration to engineering practicality.
Mathematical modelling
An analytical model of a solar thermal chimney power plant has been developed in order to compare systematically different collector canopy profiles. The main objective is to assess the maximum power output across a wide range of plant design parameters. Therefore a steady-state formulation was chosen as it is more efficient, with transient simulations mostly required when start-up and night-time operation need to be assessed.
The model presented here uses a similar approach to Bernardes et al. (2003) and Pretorius and Krö ger (2006) . It consists of a comprehensive thermo-fluids model for the collector and chimney. All flow within the collector is assumed to be axisymmetric and radial, reducing the collector to a one-dimensional flow problem with reducing circumferential area. The simulation problem is treated as steady state and the flow is assumed to be incompressible, using the Boussinesq approximation to capture the effect of change in fluid density. Turbine efficiency and the ratio of turbine pressure drop to chimney pressure drop are assumed to be fixed values and the working fluid is dry air (a single-phase gas). In order to reduce the number of variables which may impact upon system performance, the effects of ambient wind velocity across the top of the canopy surface, within the collector itself, and across the chimney outlet have not been investigated. They have previously been investigated in detail by Ming et al. (2012) , Zhou et al. (2012) and Panse et al. (2011) .
The model first simulates each STC component -the solar collector, the chimney and the turbine -separately. These component models are then coupled together to simulate the entire STC plant through an iterative process so that the input and output of each component converge to stable values. The steady-state model presented here was implemented in Matlab. It was designed to run rapidly in order to investigate systematically the influence of a wide range of key design parameters and environmental conditions. The reference parameters for the STC simulation are given in Table 1 . These reference values were chosen for ease of comparison with existing models published in the literature (Fluri et al., 2009) . A nomenclature is included in Table 2 .
Collector
The collector is discretised along the radial path, forming linked annular discretised sections. The continuity equation is defined as
where r is the point on the collector radial path, measured from the collector centre; q is the air density; h c is the height of the canopy at point r; and v is the mean air velocity at point r. Conservation of momentum is given by
where p is the air pressure at point r, and s is the sum of the shear stresses due to the working fluid interaction with the ground surface (of roughness length e rg ) and the underside of the canopy (of roughness length e rc ). It is determined using
where f d is the dimensionless Darcy Friction Factor calculated as described in Pretorius and Krö ger (2006) . Changes in density are assumed to be a function of temperature only, such that the equation of state reduces to
where T is the mean air temperature at the annulus of radius r. This is the Boussinesq approximation, and is valid only for small changes in density (Bejan, 1993) . The energy flows between collector components within a discretised collector section are shown diagrammatically in Fig. 1b and the associated energy balance equations are as follows:
Collector canopy:
Working air:
The equation for the energy flow of the working air contains the kinetic energy term which accounts for the conversion of thermal into mechanical energy:
Frictional shear stress constitutes a second order term, and hence is disregarded in the working air energy equation. However, it is included in the momentum conservation. Ground surface:
Subscript r denotes reflected radiation, subscript e denotes emitted radiation, subscripts g; f and c denote ground, working air and canopy properties respectively, subscripts b; s and 1 denote heat loss to ground, sky (in the case of radiative heat transfer), and ambient environment (in the case of convective heat transfer) respectively, whilst subscripts i and o denote properties at the discretised section inlet and outlet respectively.
All _ Q terms in Eqs. (5)- (7) expand into one of the following forms. Convective energy flows expand into
where h is the heat transfer coefficient; A is the plan-view area of the annular discretised section under consideration; and DT is the difference in temperature between the solid surface and the fluid. The heat transfer coefficients depend on the magnitude of the temperature difference between the surface and the fluid; whether the surface is heated or cooled; and whether it faces up or down (Bernardes et al., 2003; Pretorius and Krö ger, 2006) . Some oscillatory behaviour has been observed in the fluid temperature profiles across short lengths of the collector radial path due to the model switching between two different heat transfer equations. Radiative energy flows expand into
where h r is the radiative heat transfer coefficient calculated by the Stefan-Boltzmann Law for heat radiated from one body (subscript 1) and absorbed by a second body (subscript 2) divided by the temperature difference DT (Bernardes et al., 2003) :
where denotes emissivity. Energy flow convected by working air flow through the collector is defined by where in this instance, DT represents the difference in working fluid temperature between the outlet and inlet. Suitable phenomenological equations for dynamic convective heat transfer coefficients were obtained from Pretorius and Krö ger (2006) .
For each discretised collector section, Eqs. (1)- (7) are solved iteratively in two steps. In the first step, the fluid flow properties are found using discretised versions of mass continuity (Eq. (1)), conservation of momentum (Eqs. (2) and (3)) and the Boussinesq approximation (Eq. (4)). In the second step, the energy balance equations (Eqs. (5)- (7)) are solved for the component temperatures. In this step, radiative heat transfer terms are linearised with respect to temperature and the kinetic energy term in Eq. (6) is calculated using values of the velocity found in step 1. Steps 1 and 2 are repeated until the component temperatures, the flow velocity, pressure and density have converged to values that satisfy all seven equations.
Collector-to-chimney transition section
In most STC designs, the heated working air exiting the collector at the collector centre transitions from radial to axial flow by means of a large conical structure which guides the airflow towards the chimney inlet. It is assumed that all solid surfaces enclosing the flow in the transition section are adiabatic and the flow itself is isothermal. The flow problem is thus reduced to the Bernoulli equation:
where Dp trans ¼ p co À p chi ; subscript co denotes properties at the collector outlet; and subscript chi denotes properties at the chimney inlet.
Chimney and turbines
It is assumed that the air rising through the chimney is undergoing a process of isentropic expansion and that the chimney walls are adiabatic (Bernardes et al., 2003; Pretorius and Krö ger, 2006) . Using values for a proposed concrete chimney design (Harte et al., 2012) , the heat loss through the chimney wall was estimated at less than 1%, justifying the adiabatic assumption. Density, as a function of height, is thus expressed as
where j ¼ 1:235 for ambient air and j ¼ 1:4005 for working air (Bernardes et al., 2003) ; h is the height of the parcel of air under scrutiny; and T 0 is the temperature of the air at h ¼ 0. The density terms are used to calculate the chimney pressure difference driving the flow at height 0 6 h 6 H ch , as
Dp b represents the total pressure difference generated by air flow buoyancy. It is attenuated by a pressure drop due to friction Dp f . Constant characteristics of the turbine and power block have been assumed for simplicity. More elaborate models can be developed by consulting the literature, e.g. Korpela (2011) . The ratio of turbine pressure drop to total chimney pressure difference is fixed at x ¼ 0:81, identified as optimum by Bernardes and Zhou (2013) and corroborated by the model presented herein (results not shown), such that
The pressure loss due to friction is expressed as
in which f d is the Darcy Friction Factor, determined following Pretorius and Krö ger (2006) . The pressure difference available to generate velocity is therefore The mass flow rate generated by the chimney is defined as
with all values taken at the chimney inlet. Assuming a constant turbine and generator efficiency of g t ¼ 0:75, the turbine pressure difference drives the power output P such that
Cold inflow at the chimney outlet -a particular risk during start-up or low-insolation periods -is not considered as the model is simulating the STC at peak insolation. Pretorius and Krö ger (2008) assessed a range of plant configurations to find those very large STCs susceptible to cold inflow, and from their data it can be inferred that for the proposed dimensions of the plant considered in this paper, cold inflows are not to be expected.
Model validity checks
The STC model described herein has been found to satisfy continuity and conservation of momentum, and has been tested for a wide range of environmental conditions and plant dimensions. The use of the Boussinesq approximation was found to lead to a difference compared to the Ideal Gas behaviour of five orders of magnitude less than the temperature rise itself, and thus is justified. The energy balance for the complete collector was satisfied with a relative error of less than 0.1%, and the energy balance for the airflow was found to be accurate to less than 0.001%. Bernardes et al. (2009) assessed two comprehensive models in the STC literature, that of Pretorius and Krö ger (2006) , and that of Bernardes et al. (2003) . Minor differences between their models produced variation in their power output of up to 15%. The same data points simulated with the model presented in this paper yielded a difference of no greater than 13%, confirming that this model simulates the STC accurately.
For a plant of the same reference dimensions as those used in this paper, Schlaich et al. (2004) Performance data from the Manzanares STC prototype was extracted from Haaf (1984) , along with available data on ambient temperature and material properties. For this data the simulated power output ranged from 27 kW to 35 kW, across a range of insolation values from 830 W m À2 to 910 W m À2 and ambient temperature from 297 K to 309 K. This was 3-9% less than the recorded power outputs from the Manzanares prototype, demonstrating that the model presented herein delivers an accurate but conservative estimate of power output.
Investigation into canopy profile design
This section assesses the performance of the three canopy profile types employed in literature (flat, constant-gradient sloped, and exponential) as well as two proposed new profile types (segmented and stepped). These profiles are shown diagrammatically in Fig. 2 . Their suitability in terms of power output and engineering practicality (i.e. ease of construction and maintenance) are investigated and performance comparison is based on results shown in Figs. 3-5. Fig. 3 shows the power output for each profile when key design parameters are varied. Fig. 4 shows how the flow properties change as the working air flows under each canopy profile. Fig. 5 shows the working air mean velocity and pressure difference between ambient and working air at the chimney inlet for the different canopy profiles, as the product of these two quantities is a good indication of the plant power output (Eq. (19)).
The following sub-sections assess each canopy profile in turn to find the best-performing design for each type. Results are shown for the reference plant dimensions specified in Table 1 , unless otherwise stated.
Exponential canopy profile
The exponential canopy shape is defined by
where h c ðrÞ is the canopy height at point r on the collector radial path (r decreases from R c towards zero at the centre of the collector); H ci is the canopy height at the collector inlet; R c is the collector radius; and b is the canopy profile exponent which defines the shape of the canopy (Fig. 2a) . Fig. 3a shows that the exponential canopy with b = 0.42 for an inlet height H ci = 4 m generates a maximum highest power output of 74 MW, with a canopy outlet height of 19 m. The plots shown in Fig. 4 detail the main flow properties of the fluid along the radial path under the collector from right (inlet) to left (chimney). The overall behaviour is broadly similar for all canopy types: the working air temperature increases by approximately 20 K within the collector, as shown in Fig. 4a . The temperature plateaus along the radial path as the collector components tend towards thermal equilibrium. Following the Boussinesq approximation (Eq. (4)), this temperature rise results in a density drop which drives the buoyancy flow up the chimney. Fig. 4b shows the increase in air velocity and Fig. 4c a small decrease in static pressure close to the chimney due to the decreasing flow cross section. Setting exponent b ¼ 1 would create a constant flow cross section throughout the collector and would result in an almost constant air velocity and pressure as the flow would not be constricted.
However, it should be noted that altering the value of exponent b changes the collector outlet height, thereby altering the geometry of the collector-to-chimney transition section (see Fig. 3a ). Eq. (12) shows that the ratio of flow cross section areas at the collector-to-chimney transition determines the pressure drop through this section. For this reason, it is important to consider flow properties at the chimney inlet, as well as through the collector.
From Fig. 5a , it can be seen that initially both the pressure drop and the air velocity at the chimney inlet increase with the exponent b, but that both decrease for higher values of b, leading to lower power outputs (Fig. 3a) . Furthermore, a collector inlet height of 4 m and a canopy exponent of b ¼ 1 would lead to an outlet height of 156 m for the reference STC plant dimensions. Such a large canopy outlet height, coupled with the complex canopy shape, would make design, manufacture and maintenance of the collector prohibitively expensive.
Flat canopy profile
The flat canopy has the same height throughout the collector (Fig. 2b) , and has the advantage of being simple and relatively cheap to construct and maintain (for moderate heights at least). Due to its simplicity, it has been used for many physical prototypes, not least the Manzanares STC plant (Haaf et al., 1983) . Varying the canopy height, it was found that STC performance peaks at H c = 9 m and P = 63 MW, or 85% of the best-performing exponential canopy (Fig. 3b) . Such a height is tall enough to make construction and maintenance difficult. However, Fig. 3b shows that a lower flat collector imposes a severe performance penalty (23% power loss for H c = 4 m), resulting in the low pressure difference and low air velocity at the chimney inlet seen in Fig. 5b . The air velocity along the collector radial path increases significantly due to the decreasing flow cross section (Fig. 4b) , reaching the point where air compressibility may no longer be negligible. As the velocity rises, the static pressure drops close to the chimney (Fig. 4c) . For outlet canopy heights beyond 9 m, the power output falls slightly due to the change of ratio of collector outlet flow area to chimney inlet flow area, which results in a reduction in chimney inlet air velocity (Fig. 5b) .
Constant-gradient sloped canopy profile
For the constant-gradient profile, the canopy height increases linearly from the collector inlet height H ci at the periphery to the collector outlet height H co at the collector centre (Fig. 2c) . Depending on the gradient, this can result in an increasing flow area for parts of the collector and an associated decrease of the air velocity. This ''bathtub" effect, identified by Bernardes (2010) , leads to lower heat transfer coefficients and thus lower collector efficiency. For the reference STC with a canopy inlet height of 4 m, the best-performing configuration has a canopy outlet height of 11.5 m, generating 69 MW, a 7% performance drop compared to the best-performing exponential canopy (Fig. 3) . The temperature rise, air velocity, and pressure for the sloped canopy profile mostly lie between those of the exponential and flat profiles in line with the collector height (Fig. 4) . System performance is robust for taller output canopies, i.e. larger canopy outlet heights only cause a small reduction in power output due to the reduction of chimney air velocity (Fig. 5c ). Additional simulations (results not shown) confirmed that the best performing sloped canopy profile does not change with varying insolation or ambient temperature, so that the same profile can be recommended for most environmental conditions. All other simulation parameters are as specified in Table 1 .
Segmented canopy profile
The rationale behind this canopy profile was to develop a profile shape delivering the performance benefits of the exponential canopy whilst limiting the additional cost due to increased construction complexity. The segmented canopy profile is flat at the outer periphery, rising linearly from radial point r grad up to the chimney (Fig. 2d) . The effect of changing the location of r grad has been investigated, keeping the inlet height and the outlet height as those of the best performing constant-gradient profile (H ci = 4 m, H co = 11.5 m).
The best-performing configuration (r grad = 720 m) generates 73 MW (Fig. 3d) , 4% higher than the constantgradient profile and almost equal to the best-performing exponential collector, without the same canopy height requirements at the chimney outlet. In order to investigate the robustness of the optimum configuration, the power output was calculated for varying environmental conditions. Power output increases with increasing insolation, and the value of r grad giving a maximum power output changes only slightly, except at very low insolation (Fig. 6 ). Similar results (not shown) confirmed that the value of r grad yielding optimum power output is not sensitive to ambient temperature (tested range: 296-314 K). Setting r grad too close to the collector outlet imposes losses as it restricts the flow. For the best-performing configuration (r grad = 720 m) 11% of the collector area will require construction with increased canopy height. The air velocity (and thus mass flow rate) at the chimney for this configuration approximately matches that of the constant-gradient and exponential canopies, but the pressure drop is slightly lower (Fig. 5d ). Fig. 4b shows the increased air velocity under the flat part of the canopy (to 720 m), which then gradually approaches the constant-gradient case. This leads to a small pressure increase due to the change in canopy profile (Fig. 4c) , which is partially balanced by the slightly higher air temperature rise (Fig. 4a) . By keeping the collector height low for the majority of the flow path, the segmented collector canopy ensures that higher air velocities are maintained within the collector (Fig. 4b) , inducing higher rates of convective heat transfer from the upper and lower surfaces. The reduction in air velocity for linearly sloped canopies identified by Bernardes (2010) is not observed in Fig. 4 as the chosen configurations of each canopy design are the bestperforming of their type and hence do not exhibit this behaviour.
One of the aims of this investigation is to provide costeffective performance enhancements by modifying the canopy design. A canopy with r grad = 265 m is proposed as a compromise between construction costs and power output, for which only 1.5% of the collector area has a gradient. This will provide a power output of 72 MW, only a 2% performance loss compared to the best-performing exponential canopy, and less than a 1% loss compared to the best-performing segmented canopy.
Stepped canopy profile
Practical engineering considerations suggest that nonflat canopy profiles discussed in this paper would most likely be constructed as a series of horizontal annular canopy sections joined by short transition sections (Fig. 2e) . To investigate such a design, the sloping region of the segmented profile was approximated by steps of different heights such that the volume under the canopy remained approximately the same. The transition between these steps is modelled as a vertical increase in height, but would in all likelihood be constructed as a short sloping region to reduce recirculation losses.
A segmented, stepped canopy profile with H ci = 4 m, r grad = 265 m and h step = 2.5 m (i.e. consisting of three equal-height steps from h c = 4-6.5 m at r c = 265 m; from h c = 6.5-9 m at r c = 195 m; and from h c = 9-11.5 m at r c = 125 m), generates 71 MW power output, only 5% less than the best-performing case and only 2% less than the same segmented profile without the steps. Fig. 4b shows that the air velocity curve follows that of the segmented profile with jumps associated with each step in the collector height. Fig. 4 c shows the matching behaviour in the pressure profiles due to the canopy height jumps with a slightly higher pressure at the collector outlet responsible for the marginal reduction in output power. Therefore the stepped profile offers the same performance advantages as the segmented profile -that of maintaining a low canopy height for the majority of the collector radial path to boost air velocity and thus heat transfer -but with much lower construction complexity.
Overall comparison
Comparison between Figs. 3 and 5 reveals some important features. The canopy must have sufficient height to obtain higher power output -this is especially true of the collector outlet height. Once a certain height threshold has been reached, power output is less sensitive to canopy height or the actual canopy shape. This means that engineering practicality can take precedence and simpler collector designs can be chosen, such as the segmented stepped canopy that generates similar power output at lower construction cost. For canopies with sufficient height, the plant power output curves in Fig. 3 follow closely the chimney inlet velocity shown in Fig. 5 . This means that the collector to chimney transition is important and that the mass flow rate is the key driver for increased power generation. 
Conclusions
In order to advance STC technology towards commercial deployment the economic viability needs to be improved. This study investigated whether improved canopy designs could reduce cost at little-to-no loss in power generation. An efficient analytical, steady-state simulation model of the STC power plant has been developed, with a detailed model of the collector including coupling of the heat transfer and fluid dynamics along the collector radial path. The model was used to investigate the peak power output for various system dimensions and collector canopy profiles. The results shown indicate that the design of the canopy influences the plant power performance in a significant but non-straightforward way.
Existing literature has focussed mainly on canopy profiles which are either flat, sloped at a constant gradient, or exponential. Flat canopies are simple to design, but cause pressure losses due to the restriction of the air flow cross section, especially close to the chimney. A constant-gradient sloped canopy can improve power output. The exponential canopy profile allows performance improvements, but construction and maintenance could be difficult and costly due to access issues. For the best-performing design of each canopy profile, the temperature rise and associated density drop under the collector were found to be quite similar. The canopy outlet height was shown to be an important parameter as it defines the pressure drop in the flow through the collector-to-chimney transition section. This highlighted the importance of sufficiently increasing the crosssectional flow area near the chimney to prevent pressure losses.
This study proposes instead a segmented canopy profile which is flat from the collector periphery to a point r grad on the radial path, from which the canopy height increases with a constant gradient or in flat steps. The segmented canopy profile almost matches the power output of the best-performing exponential profile and uses a simpler design, reducing both construction and maintenance costs. The stepped, segmented canopy profile is likely to provide a good compromise between power output to construction cost. The predicted power generation for such a segmented canopy design was found to be highly robust for a wide range of environmental conditions. Further work will be required to quantify the potential cost savings and to investigate additional factors which influence the predicted power generation, such as ambient wind, frictional and heat losses. 
